Introduction
Exploring alternative energy sources has become a serious concern owing to the rapid depletion of fossil fuels as a result of increased industrialization and urbanization [4] . To cope with this energy crisis, sustainable biofuel production using microalgae has been put forward as one of the most feasible and environmentally friendly solutions, since microalgae can grow fast with high lipid production in the cells, while also reducing greenhouse gases such as carbon dioxide [6, 16] .
Among microalgae, Chlorella, a unicellular green alga, is regarded as one of the best representative microalgal species for the production of biofuel [20] . However, Chlorella is found in various aquatic environments, including fresh and marine water, and has highly diverse morphological and physiological traits, which hinders the accurate identification and classification of Chlorella spp. [3] . Therefore, it is important to secure specific Chlorella strains with the proper physiological characteristics for effective microalgal biofuel production, including rapid growth and high lipid productivity.
One solution to this problem is the recent development and application of molecular genetic markers, which can be used to identify and classify target organisms owing to their distinct genetic polymorphisms at a species or strain level. Thus, different genetic traits can be analyzed using different methods, such as RFLP (restriction fragment length polymorphism), RAPD (randomly amplified polymorphic DNA), AFLP (amplified fragment length polymorphism), ISSR (inter-simple sequence repeat), and SNP (single nucleotide polymorphism) [15, 22] . Among the various genetic markers, a microsatellite, known as a simple sequence repeat (SSR) or short tandem repeat (STR), is highly effective for distinguishing a target organism from closely related species, where its discrimination power is based on its polymorphic distribution in specific loci [12, 14] . In particular, the specific flanking regions near the microsatellite can provide a precise genotyping of inter-or intra-specific hybrids with a single primer set [5, 21] As a result, several microalgal microsatellite markers have already been developed to classify Chlamydomonas [10] , detect the toxic dinoflagellate Alexandrium causing mass fish deaths in red tide [17, 18] , and identify the ecological and geographical distribution of the freshwater benthic diatom Sellaphora [9] . Cho et al. [7] also suggested that microsatellite markers could be used to track the migration route of Prorocentrum micans and analyze its population genetic structure in Korea. However, little is known about the microsatellite markers for Chlorella despite its widespread distribution in aquatic environments and extensive use in the field of microalgal biofuel production. Therefore, the present study developed and evaluated novel microsatellite markers to distinguish Chlorella vulgaris at the strain level. It is anticipated that the proposed microsatellite marker system will help to secure and manage useful genetic resources of C. vulgaris isolated from domestic and foreign aquatic environments.
Materials and Methods
Chlorella Strains, Culturing, and DNA Extraction A total of nine strains of Chlorella vulgaris were obtained from two culture collection centers. [24] .
The cultured C. vulgaris cells were harvested from the media by centrifugation and their genomic DNAs were subsequently extracted using a DNeasy plant mini kit (Qiagen, Germany) according to the manufacturer's instructions. The partial 18S ribosomal RNA genes of the nine C. vulgaris strains were amplified using the extracted DNAs as templates and a C. vulgaris-specific primer pair (forward, 5'-CGACTTCTGGAAGGGACGTA-3'; reverse, 5'-GAATCAACC TGACAAGGCAAC-3') [23] , followed by taxonomical confirmation based on the 18S rRNA sequences using the Basic Local Alignment Search Tool (BLAST).
Screening of Microsatellites and Design of Specific Primers
The whole-genome sequence of the chloroplast of C. vulgaris C-27 (AB001684) was archived from the National Center for Biotechnology Information (NCBI) database (http://www.ncbi. nlm.nih.gov/) and candidates for the microsatellite motifs were screened using the Gramene Simple Sequence Repeat Identification Tool (SSRIT, http://www.gramene.org/db/markers/ssrtool) [26] under the search options of di-pentamer motif-lengths at a minimum frequency of three repeats [27] . C. vulgaris strain-specific primers were then designed based on the upstream/downstream flanking sequences of the screened microsatellite motifs.
PCR Amplification and Genotyping
The PCR amplification was performed in a 20 µl reaction mixture containing 10-20 ng of the extracted genomic DNA of C. vulgaris, 0.5 pmole of each primer set, 200 µM of each dNTP, 2 mM of MgCl 2 , 0.5 units of Taq DNA polymerase, and 1× supplied buffer, using a GeneAmp system 2700 thermal cycler (Applied Biosystems, Foster City, CA, USA). The PCR amplification conditions were 95°C for 5 min, followed by 35 cycles at 95°C for 30 sec, 54°C or 55°C for 30 sec, and 72°C for 30 sec, with a final extension at 72°C for 7 min.
The PCR products were analyzed by electrophoresis to assess the polymorphic diversity of each microsatellite marker and determine the genotypes of the nine C. vulgaris strains. The PCR products were mixed with equal volumes of 2× STR loading buffer (10 mM NaOH, 95% formamide, 0.05% bromophenol blue, 0.05% xylene cyanol FF) (Promega, USA). After heating at 95°C for 3 min, the mixtures were immediately chilled by dipping in ice. The electrophoresis was performed using a 5% denaturing polyacrylamide gel (acrylamide:bis-acrylamide = 19:1; thickness: 0.4 mm × length: 40 cm) containing 7 M urea in 1× TBE buffer at a constant voltage of 1,600 V for 2~4 h. The DNA bands were visualized using a DNA silver staining kit (Promega, USA) [2] . The sizes and repeat structures of the alleles were then determined by eluting the PCR bands from the silver-stained gels, amplifying the secondary PCR products, and sequencing the PCR products after purification. The alleles were arbitrarily named according to the size of the PCR bands and number of repeat motifs.
Analysis of Specific Loci between mChl-001 and mChl-005 Microsatellite Markers
The interspace region between the mChl-001 and mChl-005 microsatellite markers was analyzed after the PCR amplification using a primer pair (mChl-001 forward primer, 5'-CCTATTGCT CTATGTTAACATATG-3'; and newly designed specific reverse primer, 5'-ACTGTGCGTTGGCTTGCTGTGCACGCATTAGC-3').
The conditions of the PCR amplification were 95°C for 5 min, followed by 35 cycles at 95°C for 30 sec, 60°C for 30 sec, and 72°C for 1 min, with a final extension at 72°C for 10 min. The PCR products were confirmed as single band amplicons by gel electrophoresis under 1.2% agarose, followed by a sequence analysis using a pGEM-T vector system (Promega, USA)
Results and Discussion

Microsatellite Marker Design
A total of 234 repeat structures were screened from the chloroplast genome sequence of C. vulgaris C-27. The observed frequencies of the di-, tri-, tetra-nucleotides, and other repeats were 74% (174), 23% (54), 2.1% (5), and 0.9% (2), respectively (Table 1) . Thus, the predominance of dinucleotide repeats in the chloroplast of C. vulgaris was found to be notable when compared to the predominance of trinucleotide repeats (more than 57%) with the microsatellite distributions of crop plants, such as barley, maize, rice, and wheat [11] . Therefore, among the 234 microsatellite candidates, five novel primer pairs were selected that incorporated the proper nucleotide size (20-25 bp), optimal melting temperature for a PCR (50~65°C), and relatively short PCR amplicon size (100~300 bp) ( Table 2) .
Genotyping of C. vulgaris Strains using Microsatellite Markers
The genetic polymorphisms of nine C. vulgaris strains were examined using the five microsatellite markers. The sequence analysis of the PCR bands showed that the mChl-001 marker had (TTA) n repeat structures, where three alleles were detected and named allele 3, allele 5, and allele 7 according to the number of repeated (TTA) n motifs. The mChl-002 marker had (GAA) n repeat structures, where five alleles were detected and named allele 4-09, allele 5-10, allele 5-11, allele 6-12, and allele 10-12 according to the number of repeated (GAA) n motifs and length of (A) in the flanking sequences. In the case of allele 10-12, an additional sequence of (AAAGAC) was inserted between (GAA) 7 and (GAA) 2 . The mChl-005 marker had (AAAAAAAAAG) n repeat structures, where five alleles were detected and named allele 2, allele 3, allele 3.5, allele 4.5, and allele 5-5. In the case of 'allele 5-5', the number of repeated (AAAAAAAAAG) n motifs and the length of the flanking sequence were both different when compared with those of allele 2. All the PCR bands for the mChl-011 maker had the same (GTT) 4 repeat structures, yet only single nucleotide polymorphisms in their flanking sequences that were named allele A, allele T, and allele G. The mChl-012 marker yielded polymorphism lengths based on the difference of the length of the (AAG) n repeat motif and the length of the flanking sequences. The UTEX 396 and B1803 strains were not detected by the mChl-012 marker and named allele 0 ( Table 2) .
All the C. vulgaris strains were distinguished based on the combination of the developed microsatellite markers, except for strains UTEX 265 and UTEX 1809, due to their identical genotype of 7,7-6-12,6-12-2,2-T-2,2. All the genotypes were regarded as homozygous, except for the mChl-005 loci of strains UTEX 396 and UTEX B1803 (bands 2 and 3 in Fig . 1C ). The double bands in the mChl-012 loci were regarded as band-splitting due to slightly different motilities between the sense and antisense strands of the homozygous alleles during the gel electrophoresis (Fig. 1E ).
Locus-Specific Genotyping using the Interspace Region between mChl-001 and mChl-005
The chloroplast genome revealed five microsatellite loci in the order of mChl-012, mChl-001, mChl-005, mChl-002, and mChl-011, where mChl-001 and mChl-005 were located close to each other at a distance of about 2.3 kb (Fig. S1) . However, since the whole 2.3 kb sequence between these two loci could not be analyzed owing to the high frequency of AT repeats, a fragment of about 0.9 kb at the beginning of the 2.3 kb fragment was sequenced using a reverse primer designed in this study (5'-ACTGTGCGTTGGCTTGCTGTG CACGCATTAGC-3'). As a result, 17 simple sequence repeats were identified, including the (TTA) n repeat structure of the mCh1-001 microsatellite marker and different nucleotide compositions, such as tandem (T) repeat sequences (Table 3) . Hence, the total sequence difference was more than 10% within the 0.9 kb amplicon of the interspace region, providing a supplementary discrimination power between the two identical genotypes (7,7-6-12,6-12-2,2-T-2,2) of UTEX 265 and UTEX 1809 when using the five microsatellite markers (Fig. 1) .
Further investigation revealed that the three microsatellite markers mChl-012, mChl-002, and mChl-011 were located within open reading frames, where mChl-012 and mChl-002 were located in unknown genes, while mChl-011 was located in a postulated minD gene that is known to regulate cell division by coding a topological specificity factor [8] . Moreover, the interspace region between mChl-001 and mChl-005 was located in the family operon of the psbJ, psbL, psbF, and psbE genes to assign proteins for regulating the electron flow to the plastoquinone pool of photosystem II in photosynthetic organisms such as plants and algae [19, 25] .
Previous genetic markers for identifying microalgae have mostly been developed based on noncoding ribosomal genes, such as 18S rRNA, small-subunit RNA (SSU), largesubunit RNA (LSU), and internal transcribed spacers (ITS). However, owing to the highly conserved gene diversities of noncoding RNA genes, this makes accurate discrimination of target organisms more difficult at lower taxonomical levels, such as species and strain. Yet, noncoding ribosomal genes can also be amplified from other symbiotic organisms, such as fungi or bacteria, owing to the difficulty of establishing axenic microalgae cultures. Furthermore, when compared with noncoding RNA genes, the high occurrence of microsatellites in the untranslated regions of expressed sequence tags can be a potentially useful source of geneassociated polymorphisms [1, 13] . Therefore, molecular genotyping using the proposed five novel microsatellite markers and one specific interspace region is suggested to be more powerful than traditional genetic markers, such as 18S rRNA and ITS, in related fields of studies, such as genetic variation and quantitative trait mapping.
